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ABSTRACT

A system and method for various levels of automation of a swing-to-hopper motion for a 

rope shovel. An operator controls a rope shovel during a dig operation to load a dipper with 

materials. A controller receives position data, either via operator input or sensor data, for 

the dipper and a hopper where the materials are to be dumped. The controller then 

calculates an ideal path for the dipper to travel to be positioned above the hopper to dump 

the contents of the dipper. In some embodiments, the controller outputs operator feedback 

to assist the operator in traveling along the ideal path to the hopper. In some embodiments, 

the controller restricts the dipper motion such that the operator is not able to deviate beyond 

certain limits of the ideal path. In some embodiments, the controller automatically controls 

the movement of the dipper to reach the hopper.
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AUSTRALIA

Patents Act 1990

P/00/011
Regulation 3.2

ORIGINAL 
COMPLETE SPECIFICATION 

STANDARD PATENT

Invention Title:

"SWING AUTOMATION FOR ROPE SHOVEL"

The following statement is a full description of this invention, including the best method 

of performing it known to me/us:
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FIELD OF INVENTION

[0001] The present invention generally relates to the movement of materials using 

rope shovels.

SUMMARY

[0002] Embodiments of the invention provide a system and method for various 

levels of automation of a swing-to-hopper motion for a rope shovel. An operator controls 

a rope shovel during a dig operation to load a dipper with materials. A controller, either 

via operator input or sensor data, receives position data for the dipper and for a hopper 

where the materials are to be dumped from the dipper. The controller then calculates an 

ideal path for the dipper to travel to be positioned above the hopper to dump the contents 

of the dipper. In some embodiments, the controller outputs operator feedback to assist the 

operator in traveling along the ideal path to the hopper. In some embodiments, the 

controller restricts the dipper motion such that the operator is not able to deviate beyond 

certain limits of the ideal path. In some embodiments, the controller automatically 

controls the movement of the dipper to reach the hopper. The embodiments of the 

invention are also applied to assist swinging the dipper back from the hopper to a tuck 

position at the dig location.

[0003] In one embodiment, a rope shovel including an automated swing system is 

provided. The rope shovel includes a swing motor, a hoist motor, a crowd motor, a dipper 

that is operable to dig and dump materials and that is positioned via operation of the hoist 

motor, crowd motor, and swing motor, and a controller configured to receive operator 

controls related to controlling movement of the dipper using at least one of the swing 

motor, the hoist motor, and the crowd motor. The controller receives dump location 

information indicating a desired position of the dipper corresponding to a dump location 

at which the dipper is to dump materials. The controller receives information indicating a 

performance limit of at least one of the swing motor, the hoist motor, and the crowd 

motor, receives dipper data related to at least one of a dipper position, a dipper

1
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movement, and a dipper state, the dipper data including a parameter of at least one of the 

swing motor, the hoist motor, and the crowd motor, calculates an ideal swing path of the 

dipper based on the dump location and at least one of the dipper position, the dipper 

movement and the dipper state, calculates, based on the ideal swing path and the 

performance limit, an ideal hoist path and an ideal crowd path, and outputs the ideal 

swing path, the ideal hoist path, and the ideal crowd path.

[0004] In another embodiment, a method of generating an ideal path for swinging a 

rope shovel is provided. The rope shovel includes a swing motor, a hoist motor, a crowd 

motor, and a dipper operable to dig and dump materials. The dipper is positioned via 

operation of the hoist motor, crowd motor, and swing motor. The method comprises: 

receiving operator controls related to controlling movement of the dipper using at least 

one of the swing motor, the hoist motor, and the crowd motor, receiving dump location 

information indicating a desired position of the dipper corresponding to a dump location 

at which the dipper is to dump materials therein, receiving information indication a 

performance limit of at least one of the swing motor, the hoist motor, and the crowd 

motor, receiving current dipper data related to at least one of the dipper position, a dipper 

movement, and a dipper state, the dipper data including a parameter of at least one of the 

swing motor, the hoist motor, and the crowd motor, calculating an ideal swing path of the 

dipper based on the dump location and at least one of the dipper position, the dipper 

movement, and the dipper state, calculating, based on the ideal swing path and the 

performance limit, an ideal hoist path and an ideal crowd path, and outputting the ideal 

swing path, the ideal hoist path, and the ideal crowd path..

[0005] In another embodiment, a rope shovel including an automated swing system 

is provided. The rope shovel includes a swing motor, a hoist motor, a crowd motor, a 

dipper that is operable to dig and dump materials and that is positioned via operation of 

the hoist motor, crowd motor, and swing motor, and a controller. The controller includes 

an ideal path generator module that receives current dipper data and dump location 

information indicating a location at which the dipper is to dump materials therein. The 

ideal path generator calculates at least one of an ideal swing path, an ideal hoist path, and

2
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an ideal crowd path. The ideal path generator then outputs the ideal swing path, the ideal

hoist path, and the ideal crowd path.

[0006] In some embodiments, the ideal path generator module further receives a 

swing aggressiveness level from an operator, wherein the ideal swing path is calculated 

based on the swing aggressiveness level. Additionally, the dump location information 

may be received from one of global positioning satellite (GPS) data and a memory storing 

a location of an previous operator-controlled dump. The rope shovel may further include 

a feedback module that receives the current dipper data including a current swing motor 

position, current hoist motor position, and current crowd motor position; receives the 

ideal swing path, the ideal hoist path, and the ideal crowd path, and provides an operator 

with at least one of audio, visual, and tactile feedback of the current dipper data relative 

to the dump location information. The feedback module may illustrate the dump location 

information and dipper data to the operator, e.g., via a display.

[0007] In some embodiments, the rope shovel also includes a boundary generator 

module that receives the current dipper data including a current swing motor position, 

current hoist motor position, and current crowd motor position; receives the ideal swing 

path, the ideal hoist path, and the ideal crowd path; and generates boundaries for the ideal 

hoist path and the ideal crowd path.

[0008] In some embodiments, the rope shovel further includes a dipper control 

signal module that receives (a) the boundaries from the boundary generator module, (b) 

the current dipper data, and (c) operator controls for controlling movement of the dipper 

via the hoist motor, crowd motor, and swing motor. The dipper control signal module 

further compares the dipper data to the boundaries, and when the dipper data indicates 

that at least one of the hoist motor and crowd motor is at or outside of the boundaries, 

adjusts the operator controls to maintain the hoist motor and crowd motor within the 

boundaries. The boundaries may be one of a ramp function, a constant window, and a 

polynomial curve.

[0009] In some embodiments, the dipper control signal module receives the ideal 

swing path, ideal hoist path, and the ideal crowd path. In response, the dipper control

3
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signal module outputs control signals to control the swing motor, the hoist motor, and the

crowd motor according to the ideal swing path, the ideal hoist path, and the ideal crowd

path, respectively.

[0010] In some embodiments, the rope shovel further includes a mode selector 

module that receives an operator mode selection that indicates one of at least three modes 

of swing automation, and controls the rope shovel to operate in the selected swing 

automation mode. The at least three modes of operation may include at least three of the 

following: no swing automation mode, trajectory feedback mode, teach mode, motion 

restriction mode, and full automation mode. Additionally, the mode selector module may 

receive system information indicating at least one equipment fault, and as a result, control 

the rope shovel to operate in a different swing automation mode.

[0011] In some embodiments, the rope shovel further includes a hopper alignment 

system including at least one of a camera and a laser scanner. The hopper alignment 

system determines when the dipper is within a predetermined range of the dump location, 

and controls the dipper control signal module to perform visual servoing of the dipper to 

align the dipper with the dump location.

[0012] Other aspects of the invention will become apparent by consideration of the 

detailed description and accompanying drawings.

4
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Fig. 1 depicts an exemplary rope shovel and mobile mining crusher 

according to embodiments of the invention.

[0014] Figs. 2A-C depict a swing of a rope shovel between a dig location and a 

dumping location.

[0015] Figs. 3-5 depict alignment of a dipper over a hopper of a mobile mining 

crusher.

[0016] Fig. 6 depicts a control system for swing automation according to 

embodiments of the invention.

[0017] Fig. 7 depicts a method for an operator feedback mode according to 

embodiments of the invention.

[0018] Figs. 8-10 depict various operator feedback systems according to 

embodiments of the invention.

[0019] Fig. 11 depicts a method for a motion restriction mode according to 

embodiments of the invention.

[0020] Figs. 12-20 depict various ideal paths and motion restriction boundary limits 

according to embodiments of the invention.

[0021] Fig. 21 depicts a method for a teach mode according to embodiments of the 

invention.

[0022] Fig. 22 depicts a method for detecting a swing-to-hopper motion according 

to embodiments of the invention.

4A
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[0023] Figs. 23A-24 depict acceleration and deceleration controllers according to

embodiments of the invention.

[0024] Figs. 25-27 depict hopper alignment systems according to embodiments of the 

invention.

[0025] Fig. 28 illustrates the controller for swing automation according to embodiments 

of the invention.

DETAILED DESCRIPTION

[0026] Before any embodiments of the invention are explained in detail, it is to be 

understood that the invention is not limited in its application to the details of construction 

and the arrangement of components set forth in the following description or illustrated in the 

following drawings. The invention is capable of other embodiments and of being practiced 

or of being carried out in various ways.

[0027] Fig. 1 depicts an exemplary rope shovel 100. The rope shovel 100 includes 

tracks 105 for propelling the rope shovel 100 forward and backward, and for turning the 

rope shovel 100 (i.e., by varying the speed and/or direction of the left and right tracks 

relative to each other). The tracks 105 support a base 110 including a cab 115. The base 

110 is able to swing or swivel about a swing axis 125, for instance, to move from a digging 

location to a dumping location. Movement of the tracks 105 is not necessary for the swing 

motion. The rope shovel further includes a dipper shaft 130 supporting a pivotable dipper 

handle 135 (handle 135) and dipper 140. The dipper 140 includes a door 145 for dumping 

contents within the dipper 140.

[0028] The rope shovel 100 also includes taut suspension cables 150 coupled between 

the base 110 and dipper shaft 130 for supporting the dipper shaft 130; a hoist cable 155 

attached to a winch (not shown) within the base 110 for winding the cable 155 to raise and 

lower the dipper 140; and a crowd cable 160 attached to another winch (not shown) for 

extending and retracting the dipper 140. In some instances, the rope shovel 100 is a P&H® 

4100 series shovel produced by P&H Mining Equipment Inc.
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[0029] Fig. 1 also depicts a mobile mining crusher 175. During operation, the rope

shovel 100 dumps materials within the dipper 140 into a hopper 170 by opening the door

145. Although the rope shovel 100 is described as being used with the mobile mining

crusher 175, the rope shovel 100 is also able to dump materials from the dipper 140 into

other material collectors, such as a dump truck (not shown) or directly onto the ground.

[0030] The mobile mining crusher 175 includes the hopper 170 to receive materials 

from the dipper 140 and a conveyor or apron feeder 180 to transport the materials to a 

crusher 185. The crusher 185 crushes materials received from the apron feeder 180, and 

outputs the crushed material along the output conveyor 190. In some instances, the crusher 

185 is a twin roll crusher with a capacity to crush approximately 10 metric tons per hour. 

The mobile mining crusher 175 also includes a boom 195 with a hammer/breaker at its distal 

end to break materials, for instance, on the apron feeder 180. The mobile mining crusher 

175 is also able to turn and to propel forward and backward using the tracks 200. In some 

instances, the mobile mining crusher is a 4170C™ Mobile Mining Crusher produced by 

P&H Mining Equipment Inc. The mobile mining crusher 175 is sometimes also referred to 

an in-pit-crushing and conveying (IPCC) system.

[0031] Figs. 2A-C depicts exemplary swing angles of the rope shovel 100 moving from 

a dig position to a dump position. For reference purposes, a shaft axis 205 and hopper axis 

210 are overlaid on Figs. 2A-C, with the swing axis 125 being the intersection of the shaft 

axis 205 and hopper axis 210. The angle between the shaft axis 205 and the hopper axis 210 

is referred to as 0. In Fig. 2A, the dipper shaft 130 digs with dipper 140 into overburden 

215 at a dig location 220, and 0 = 0|. After digging, the rope shovel 100 begins to swing the 

dipper shaft 130 towards the hopper 170. In Fig. 2B, the dipper shaft 130 is mid-way 

through the swing-to-hopper and Θ = θ2. In Fig. 2C, the dipper shaft 130 has stopped over 

the hopper 170 and the door 145 is released to dump the materials within the dipper 140 into 

the hopper 170, with Θ = 03.

[0032] Rope shovels such as the rope shovel 100 have the capacity to gather many tons 

of material from a single dig. For instance, in some embodiments, the dipper 140 has a 

capacity for a nominal payload of nearly 100 metric tons and over 50 m3 of material. In

6
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other embodiments, the rope shovel 100 has a larger or smaller capacity. With such a large 

amount of material collected by a single dig, it is desirable to properly locate the dipper 140 

above the hopper 170 before releasing the door 145 to avoid missing the hopper and spilling 

materials. Additionally, it is generally desirable to improve the speed between the dig and 

dump cycles to improve overall efficiency and increase the rate at which of materials are 

moved. In some instances, rope shovel operators build up skill and technique over years of 

experience to ensure quick, safe, and efficient swing-to-dump motions with the rope shovel 

100.

[0033] When the tracks 105 of the rope shovel 100 are static, the dipper 140 is operable 

to move based on three control actions: hoist, crowd, and swing. As noted above, the hoist 

control raises and lowers the dipper 140 by winding and unwinding hoist cable 155. The 

crowd control extends and retracts the position of the handle 135 and dipper 140. The swing 

control swivels the handle 135 relative to the swing axis 125 (see, e.g., Figs. 2A-C). Before 

dumping its contents, the dipper 140 is maneuvered to the appropriate hoist, crowd, and 

swing position to 1) ensure the contents do not miss the hopper 170; 2) the door 145 does 

not hit the hopper 170 when released; and 3) the dipper 140 is not too high such that the 

released contents would damage the hopper 170 or cause other undesirable results.

[0034] Figs. 3-5 depict acceptable windows for the swing, hoist, and crowd position of 

the bucket, respectively. As shown in Fig. 3, the acceptable range for the swing angle (0) of 

the dipper 140 is +/- Omax from the axis 210 through the hopper 170 (using the convention 

from Figs. 2A-C). Fig. 4 depicts an acceptable range for the height of the dipper 140 above 

the hopper 170 as being between the maximum hoist height and the minimum hoist height. 

Fig. 5 depicts an acceptable range for the extension of the dipper 140 above the hopper 170 

as being between the maximum crowd extension and minimum crowd extension. While 

these ranges are described with respect to dumping in a hopper 170, as noted above, the 

dipper 140 may dump materials in other areas, such as a dump truck bed on a material pile 

directly on the ground. These various dump areas, as well as the hopper 170, may be 

referred to as “dump locations.”

7
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[0035] The rope shovel 100 includes a control system 300 including a swing automation 

controller (controller) 305, as shown in Fig. 6. The controller 305 includes a processor 310, 

a memory 315 for storing instructions executable by the processor 310, and various 

inputs/outputs for, e.g., allowing communication between the controller 305 and the 

operator or between the controller 305 and sensors that provide feedback regarding various 

machine parameters. In some instances, the controller 305 is a microprocessor, digital 

signal processor (DSP), field programmable gate array (FPGA), application specific 

integrated circuit (ASIC), or the like.

[0036] The controller 305 receives input from operator controls 320,which includes a 

crowd control 325, swing control 330, hoist control 335, and door control 340. The crowd 

control 325, swing control 330, hoist control 335, and door control 340 include, for instance, 

operator controlled input devices such as joysticks, levers, foot pedals, and other actuators. 

The operator controls 320 receive operator input via the input devices and outputs digital 

motion commands to the controller 305. The motion commands include, for example, hoist 

up, hoist down, crowd extend, crowd retract, swing clockwise, swing counterclockwise, 

dipper door release, left track forward, left track reverse, right track forward, and right track 

reverse. Upon receiving a motion command, the controller 305 generally controls dipper 

controls 343, which includes one or more of a crowd motor 345, swing motor 350, hoist 

motor 355, and shovel door latch 360, as commanded by the operator. For instance, if the 

operator indicates via swing control 330 to rotate the handle 135 counterclockwise, the 

controller 305 will generally control the swing motor 350 to rotate the handle 135 

counterclockwise. As will be explained in greater detail, however, the controller 305 is 

operable to limit the operator motion commands and generate motion commands 

independent of the operator input in some embodiments of the invention.

[0037| The controller 305 is also in communication with a number of sensors 363 to 

monitor the location and status of the dipper 140. For example, the controller 305 is 

coupled to crowd sensors 365, swing sensors 370, hoist sensors 375, and shovel sensors 380. 

The crowd sensors 365 indicate to the controller 305 the level of extension or retraction of 

the dipper 140. The swing sensors 370 indicate to the controller 305 the swing angle of the 

handle 135. The hoist sensors 375 indicate to the controller 305 the height of the dipper 140

8
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based on the hoist cable 155 position. The shovel sensors 380 indicate whether the dipper 

door 145 is open (for dumping) or closed. The shovel sensors 380 may also include weight 

sensors, acceleration sensors, and inclination sensors to provide additional information to 

the controller 305 about the load within the dipper 140. In some embodiments, one or more 

of the crowd sensors, swing sensors 370, and hoist sensors 375 are resolvers that indicate an 

absolute position or relative movement of the crowd motor 345, swing motor 350, and/or 

hoist motor 355. For instance, for indicating relative movement, as the hoist motor 355 

rotates to wind the hoist cable 155 to raise the dipper 140, the hoist sensors 375 output a 

digital signal indicating an amount of rotation of the hoist and a direction of movement. The 

controller 305 translates these outputs to a height position, speed, and/or acceleration of the 

dipper 140. Of course, the crowd sensors 365, swing sensors 370, hoist sensors 375, and 

shovel sensors 380 incorporate other types of sensors in other embodiments of the invention.

[0038] The operator feedback 385 provides information to the operator about the status 

of the rope shovel 100 and other systems communicating with the rope shovel 100 (e.g., the 

hopper 170). The operator feedback 385 includes one or more of the following: a display 

(e.g. a liquid crystal display (LCD)); one or more light emitting diodes (LEDs) or other 

illumination devices; a heads-up display (e.g., projected on a window of cab 115); speakers 

for audible feedback (e.g., beeps, spoken messages); tactile feedback devices such as 

vibration devices that cause vibration of the operator’s seat or operator controls 320; or 

another feedback device. Specific implementation details of the operator feedback 385 are 

described more particularly below.

[0039] In some embodiments, the controller 305 also communicates with hopper 

communications system 390 and a hopper alignment system 395. For instance, the hopper 

communications system 390 is operable to send production data and status data to the 

controller 305. Exemplary production data includes hours of use, amount of material input, 

amount of material output, etc. Exemplary status data includes weight and height of the 

current load within the hopper 170, an indication of whether the apron feeder 180, crusher 

185, and output conveyor 190, are currently enabled and related speeds of operation, 

whether the boom 195 is being operated, whether the mobile mining crusher 175 is being 

moved (e.g., via tracks 200) or the hopper or other portions of the mobile mining crusher

9
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175 are being repositioned (e.g., with the tracks 200 immobile), as well as other status

information. In some embodiments, the door 145 is prevented form being opened when the

controller 305 receives an indication via hopper communications system 390 that the hopper

170 is full or otherwise unable to accept a load from dipper 140.

[0040] The hopper alignment system 395 includes, for instance, global positioning 

satellite (GPS) modules, optical cameras and image processing, and/or a scanning laser. 

The hopper alignment system 395 enables the controller 305 to obtain positioning 

information to align the dipper 140 with the hopper 170, particularly in a full automation 

mode described below. In some embodiments, the controller 305 includes other input 

and/or output (I/O) devices 400, such as a keyboard, mouse, external hard drives, wireless or 

wired communication devices, etc.

[0041] The control system 300 is part of a swing automation system of the rope shovel 

100. The swing automation system provides various levels of assistance to an operator of 

the rope shovel 100. The swing automation system includes multiple modes of operation 

including at least: 1) a trajectory feedback mode; 2) a motion restriction mode; 3) a teach 

mode; and 4) a full automation mode. In some instances, the modes are designed in a 

modular fashion such that each mode builds upon features and components of a previous 

mode. For instance, the motion restriction mode builds on the trajectory feedback mode; the 

teach mode builds on the motion restriction mode; and the full automation mode builds on 

the teach mode. Using a common architecture and developing a module approach to 

component integration allows for a robust system that can react to the loss of sensors or 

information by reducing the complexity of the system down to a mode that can remain fully 

operational. The approach also allows for safer integration, testing, and prototyping, as well 

as expanding upon the technology with future sensor integration and customer requirements. 

Additionally, features and components from the various modes may be combined to form 

hybrid modes in some embodiments, as will become apparent from the disclosure herein.

[0042] In the trajectory feedback mode, the controller 305 identifies an ideal path that 

the rope shovel 100 should follow to position the dipper 140 correctly for dumping into the 

hopper 170. As the operator swings the dipper 140 to the hopper 170, the controller 305

10
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provides the operator one or more forms of feedback via operator feedback 385 about the 

position and motion of the dipper 140 with respect to the ideal path. In the trajectory 

restriction mode, the controller 305 enforces an upper and lower boundary from the ideal 

path. Through the upper and lower boundaries, the controller 305 prevents the dipper 140 

from deviating too far from the ideal path to the hopper 170. The teach mode enables a 

semi-autonomous operation of swing, crowd, and hoist controls. The operator first 

designates a dump location (e.g., a location of the hopper 170). After performing a dig 

operation, the operator initializes an automated swing phase (e.g., using operator controls 

320). The controller 305 then controls the dipper 140 to follow the ideal path to reach the 

programmed dump location. In the full automation mode, after initiation, no active input 

from the operator is required to perform the swing phase. The position and orientation of the 

hopper 170 is actively measured with respect to the dipper 140 to identify the dumping 

location, generate an ideal path, and control the dipper 140 along the ideal path to reach the 

dumping location.

Trajectory Feedback Mode

[0043] The trajectory feedback mode includes: 1) generating of an ideal path for the 

dipper 140 to proceed along from the dig location 220 to the hopper 170 and to return along 

to the dig location 220; and 2) providing the operator visual, audible, or tactile feedback to 

indicates the variance of the dipper 140 from the ideal path. The trajectory feedback mode 

suggests to the operator an ideal path, but does not actively control the dipper 140. Thus, 

the trajectory feedback mode enables testing and analysis of the generated ideal path to 

diagnose issues and improve generation of the ideal path without concern that the controller 

305 will control the dipper 140 improperly. To this end, the controller 305 is operable to 

output a comparison between the operator’s actual path and the generated ideal path. The 

comparison is output to the operator via operator feedback 385 and/or output to an external 

device, e.g., for review by a supervisor. The external device may be local (e.g., another 

computer on-board the rope shovel 100), on-site (e.g., a laptop, tablet, or smart phone of a 

supervisor in a nearby vehicle or facility), or off-site (a computer device coupled via a 

network, such as the Internet).

11



[0044| Fig. 7 depicts a trajectory feedback method 425 using the control system 300. In

step 430, a shovel data set is obtained by the controller 305, e.g., using sensors 363 and

operator controls 320. As shown in Table 1, the shovel data set includes variables related to

the position, movement, and state of the dipper 140.

20
12

20
22

13
 

12
 A

pr
 2

01
2

Table 1. Shovel Data Set
Swing Motor Speed Hoist Motor Speed Crowd Motor Speed
Swing Motor Speed Limit Hoist Motor Speed Limit Crowd Motor Speed Limit
Swing Motor Ramp Rate Hoist Motor Ramp Rate Crowd Motor Ramp Rate
Swing Motor Joystick 
Reference

Hoist Motor Joystick 
Reference

Crowd Motor Joystick 
Reference

Swing Resolver Position Hoist Resolver Position Crowd Resolver Position
Swing Motor-to-Resolver 
Ratio

Hoist Motor-to-Resolver 
Ratio

Crowd Motor-to-Resolver 
Ratio

Swing Motor Torque Swing Motor Torque Limit Dipper Door State

[0045] In step 435, the controller 305 obtains a hopper data set. As shown in Table 2, 

the hopper data set includes the desired swing, hoist, and crowd position to position the 

dipper 140 above the hopper 170. In some embodiments, the hopper data set is obtained 

based on a previous operator dump operation. In other words, the swing, hoist, and crowd 

position at the time of the previous opening of the door 145 via door latch 360, as 

determined by the sensors 363, is recorded as the hopper data set. This hopper data set is 

presumed to be the ideal position for the unloading of the dipper 140 (e.g., over the hopper 

170) when generating the ideal trajectory. In other embodiments, the hopper data set is 

determined using data from the hopper alignment system 395 or via the operator manually 

inputting the resolver count data.

Table 2. Hopper Data Set
SRCj: Swing Resolver Count (Dump Position) CRCj: Crowd Resolver Count (Dump 

Position)

HRC<i: Hoist Resolver Count (Dump Position) Dipper Door State
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[0046] In step 440, the controller 305 determines whether to activate swing feedback. In 

some embodiments, the operator indicates to the controller 305 via an actuator (e.g., a 

button) to activate swing feedback. In other embodiments, the controller 305 automatically 

activates swing feedback after detecting the completion of a dig cycle of the dipper 140 and 

the beginning of a swing-to-hopper operation. For instance, by monitoring the shovel data 

set, the controller 305 detects when one or more variables within the shovel data set (e.g., 

swing speed or position, hoist speed or position, crowd speed or position) exceed certain 

thresholds that indicate a swing-to-hopper operation has likely started (see, e.g., Fig. 22).

[0047] In step 445, the controller 305 generates an ideal path for the dipper 140 to arrive 

at the stored ideal dump position above the hopper 170. To generate the ideal path, the 

processor 310 executes an algorithm including one or more of the shovel data set parameters 

and the hopper data set parameters. The ideal path is generated such that the dipper 140 will 

be moved at or near the performance limits of the swing, hoist and crowd motions.

However, the operator may specify that a less aggressive ideal path be generated such that 

the dipper 140 will be moved at a rate lower than the performance limits of the rope shovel 

100. The aggressiveness level may be included, for instance, as part of the shovel data set.

(0048] To generate an ideal path in step 445, an accurate profile of the swing motion, 

including the swing speed, acceleration and deceleration, is determined. One aspect of the 

ideal path is to calculate the time needed to decelerate the dipper 140 and the point at which 

to begin decelerating. When the operator begins the swing phase the maximum acceleration

·· .. dd .
rate (6ζ) is calculated as follows = —-, where 9S is the revolutions per minute (R.PM)

dt

of the swing motor 350. The acceleration rate is measured during the initial portion of the 

swing, i.e., while maximum torque is being applied by the swing motor 350. When digging 

on level ground or at a downward slope, the deceleration rate (9dmd) is assumed to be 

greater then the acceleration rate (i.e., 9decd > 9accd). In turn, the deceleration rate (9decel) is 

estimated to be the acceleration rate 9accet, since it is unlikely the estimated deceleration will 

yield an overshoot. Thus, 9dmd = 9accd.
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[0049] Using the estimated deceleration rate (0dead) and the current, measured swing

speed of the dipper 140 (θ3), the controller 305 generates an estimated time required to

decelerate the swing of the dipper 140 to line up above the hopper 170 with the following

Θequation: tdecel = .
“decel

[0050| The amount of swing resolver displacement to return the swing speed (θχ) of the 

dipper 140 to zero is estimated using the equation for displacement given constant 

acceleration, or, in this case, deceleration. In other words,

&SRCdmd = SwgRatio * (fr * tdecel + 2 * edccel * tJec^), where SwgRatio is the ratio between 

the swing motor pinion and the swing resolver. As the dipper 140 is swung towards the 

hopper 170, the current swing resolver count SRC, and ASRCdecid are continually updated. 

Based on the aforementioned calculations, the controller 305 estimates that, given the 

current speed and position of the dipper 140 and the position of the hopper 170, beginning to 

decelerate when SRC' - SRCd = ASRCdecel (i.e., when the swing reversal trigger condition 

is true), will result in the controller 305 stopping the swing of the dipper 140 above the 

hopper 170 for dumping. Thus, once SRC' - SRCd - ASRCdecel, the swing of dipper 140 

starts to decelerate by reversing the swing motor 350.

[0051] Additionally, the controller 305 calculates the time remaining in the swing to the 

hopper 170 (trem) based on the remaining swing resolver counts to the hopper 170 (SRCrem). 

The remaining swing resolver counts to the hopper 170 (SRCrem) is calculated assuming the 

current velocity is constant and using the following equation:

SRCrem - SRC' - SRCd - &SRCdml. In turn, the time remaining in the swing to the hopper

SRC
170 (trem) is calculated using the following equation: trem -+--------- ——-. The

SwgRatio * Θ'

controller 305 continuously calculates the above-noted equations to maintain accurate 

estimations of swing deceleration rates and the appropriate time to begin deceleration.
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[0052] Using the time remaining in the swing to the hopper 170 (trem), the controller 305 

estimates the desired hoist and crowd trajectory of the dipper 140. The following naming 

conventions are used: HRCto is the initial hoist position at the start of the swing phase (t = 

to); HRCt is the current hoist position; HRCd is the desired hoist position of the dipper 140 

above the hopper 170; CRCto is the initial crowd position at the start of the swing phase (t = 

to); CRCt is the current crowd position; and CRCd is the desired crowd position of the dipper 

140 above the hopper 170.

[0053] The desired speed (0d) of the hoist motor 355 is calculated continuously using

• HRC — HRC
the following equation: 6d = HstRatio * (------ -----------L), where trem is the time remaining

t rem

in the swing to the hopper 170 described above and HstRatio is a gain parameter equal to the 

ratio between the shaft speed of the hoist motor and the count speed of the hoist resolver. 

This equation assumes that the dipper 140 will arrive at the desired hoist position

HRCd above the hopper 170 simultaneously with the dipper 140 arriving at the proper swing 

position SRCd above the hopper 170. The equation is modified in other embodiments to 

have the dipper 140 reach the desired hoist position HRCd before reaching the desired 

swing position SRCd (e.g., reducing the value of trem). By continuously calculating^, the 

controller 305 is able to adjust the ideal 9d if the operator is moving the hoist motor too fast 

or too slow relative to the ideal hoist path.

[0054] The desired speed (9d~) of the crowd motor 345 is calculated continuously using

• CRC -CRC
the following equation: 9d = CwdRatio * (------ ---------- L), where trem is the time remaining

/ rem

in the swing to the hopper 170 described above and CwdRatio is a gain parameter equal to 

the ratio between the shaft speed of the crowd motor and the count speed of the crowd 

resolver. This equation assumes that the dipper 140 will arrive at the desired crowd position 

CRCd above the hopper 170 simultaneously with the dipper 140 arriving at the proper swing 

position SRCdabove the hopper 170. Again, the equation is modified in other embodiments 

to have the dipper 140 reach the desired crowd position CRCd before reaching the desired
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swing position SRCd (e.g., by reducing the value of trem). By continuously calculating^,

the controller 305 is able to adjust the ideal 9d if the operator is moving the crowd motor

too fast or too slow relative to the ideal crowd path.

[00551 After generating an initial ideal path at time = to in step 445, the controller 305 

outputs feedback via operator feedback 385 in step 450. For instance, the controller 305 

outputs the desired hoist, crowd, and swing trajectory simultaneously to the operator. The 

particular methods and systems used to provide feedback to the operator are described in 

greater detail below. In general, however, the feedback indicates to the operator whether the 

hoist, crowd, and swing motions of the dipper 140 are following the ideal path generated in 

step 445. In step 455, the controller 305 determines whether the dipper 140 has reached the 

hopper 170. In other words, in step 455, the controller 305 determines whether 

CRCd = CRC,; HRCd = HRC,; and SRCd = SRCt. If the dipper 140 has reached the 

hopper 170, the operator causes the dipper door 145 to open in step 460, e.g., by activating 

the door latch 360 via door control 340.

[0056] If the dipper 140 has not reached the hopper 170, the controller 305 obtains an 

updated shovel data set in step 465. Thereafter, the controller 305 returns to step 445 to re

generate the ideal path to the hopper 170 using the updated shovel data set obtained in step 

465. By continuously cycling through steps 445, 450, 455, and 465 while moving the 

dipper 140 to the hopper 170, the controller 305 continuously updates the ideal path to the 

hopper 170 based on current conditions and provides updated feedback to the operator.

[0057] Upon reaching the hopper 170 as determined in step 455 and dumping the load 

of the dipper 140 in step 460, the controller 305 proceeds to step 470 to generate an ideal 

return path back to the dig location 220. Generating an ideal return path in step 470, 

providing operator feedback in step 475, determining whether the dig location 220 is 

reached in step 480, and updating the shovel data set in step 485 are similar to steps 445, 

450,455, and 465, respectively. The equations described above with respect to steps 445, 

450, 455, and 465 apply to the steps 470, 475,480, and 485, respectively, with the exception 

that the start and end positions of the crowd, hoist, and swing are swapped. Thus, the 

equations described above with respect to steps 445, 450,455, and 465 apply to the steps
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470, 475,480, and 485, with the exception that CRCl0, HRCl0, and SRCl0 are replaced with

the corresponding crowd, hoist, and swing position of the hopper 170 and CRCd, HRCd,

and SRCd are replaced with the corresponding crowd, hoist, and swing position of the dig

location 220

[0058] In some embodiments, the controller 305 recalls the initial crowd, hoist, and 

swing position at time to (i.e., CRC,0, HRCl0, and SRC,0) and uses them as the desired 

destination, since they represented the dipper 140 position at the start of the swing-to-hopper 

motion. In other embodiments, the operator stores the desired dig location 220 in the 

controller 305 by activating an actuator (e.g., that is part of other I/O devices 400) when the 

dipper 140 is at the desired dig location 220. In some embodiments, the crowd and hoist 

positions of a tuck position for the dipper 140 are stored as the desired crowd and hoist 

positions. Using these tuck position values, at the completion of the swing to the dig 

location 220, the dipper 140 is in a tuck position and ready to begin the next dig cycle. The 

tuck position values for the crowd and hoist may be stored by the operator using an actuator, 

may be inferred by the controller based on the previous start of a dig cycle, or may be preset 

values (e.g., during a manufacturing process). As the dipper 140 is moved into the tuck 

position, gravity closes the door 145, allowing for the shovel door latch 360 to engage to 

keep the door closed until the next dump operation.

]0059] As noted above, various forms of feedback may be provided in steps 450 and 475 

to the operator via operator feedback 385. In some embodiments, a visual output system is 

employed as part of the operator feedback 385. In some embodiments, audio feedback 

and/or tactile feedback is provided either in addition or in place of the visual output system.

(0060] Fig. 8 depicts a floating trend window feedback system 500 (FTW system 500). 

In the FTW system 500, the operator feedback 385 includes a display screen 505 that 

independently depicts the ideal path for the hoist, crowd, and swing of the dipper 140, as 

well as the current hoist, crowd, and swing position of the dipper 140. The display screen 

505 includes a hoist window 510a, a crowd window 510b, and a swing window 510c. The 

hoist window 510a, crowd window 510b, and swing window 510c include position lines 

515a, 515b, and 515c, respectively, that plot resolver position versus time (seconds), for the
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respective hoist, crowd, and swing positions of the dipper 140. Each of the hoist window 

510a, crowd window 51 Ob, and swing window 510c also includes an ideal end-point 

resolver position shown as a horizontal dashed line 520a, 520b, and 520c, respectively. The 

current positions of the hoist, crowd, and swing resolvers are the furthest-right point of each 

of the respective position lines 515a, 515b, and 515c, which are highlighted with a window 

525a, 525b, and 525c, respectively. In some embodiments, the ideal path for each of the 

hoist, crowd, and swing motions are also depicted on the hoist, crowd, and swing windows 

5l0a-c, respectively.

[0061] The hoist window 510a, crowd window 510b, and swing window 510c each use 

the same time scale and make the current time position easily identifiable to the operator via 

the windows 525a, 525b, and 525c. Each of the hoist window 510a, crowd window 510b, 

and swing window 510c are continuously updated as the dipper 140 is swung to the hopper 

170, with the current data shifted to the left on the x-axis towards a set time horizon, while 

the windows 525a, 525b, and 525c remain static. Thus, the operator observes the desired 

final position of each of the hoist, crowd, and swing motions (horizontal dashed lines 520a, 

520b, and 520c), the past position data for each of the hoist, crowd, and swing motions (the 

position lines 515a, 515b, and 515c to the left of the windows 525a, 525b, and 525c, 

respectively), and the current hoist, crowd, and swing position of the dipper 140 as 

highlighted by the windows 525a, 525b, 525c.

[0062] In some embodiments, the position lines 515a, 515c, and 515c are in a first color 

(e.g., green), the windows 525a, 525b, and 525c are in a second color (e.g., yellow), and the 

horizontal dashed lines 520a, 520b, and 520c are in a third color (e.g., red). In some 

embodiments, the lines 515a and 520a within the hoist window 510a are a first color (e.g., 

green), the lines 515b and 520b within the crowd window 510b are a second color (e.g., 

blue), and the lines 515c and 520c within the swing window 510c are a third color (e.g., 

red).

[0063] Fig. 9 depicts an LED position panel system 540 (panel system 540). In the 

panel system 540, the operator feedback 385 includes a display 545 with a crowd-hoist 

screen 550 and a swing screen 555. In the crowd-hoist screen 550, the hoist and crowd
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positions of the dipper 140 are conveyed as an x-y axis plot based on the resolver counts of 

the hoist sensors 375 and crowd sensors 365. The dipper 140 position is represented by 

beacon 560a based on the current crowd and hoist resolver counts (CRC,, HRC:); the 

desired hoist position HRCd is represented by the horizontal area 565; and the desired 

crowd position CRCd is represented by the vertical area 570.

[0064] As the dipper 140 is moved up and down via the hoist motor 355, the beacon 

560a moves up and down, respectively, on the crowd-hoist screen 550 along the y-axis. As 

the dipper 140 is extended and retracted via the crowd motor 345, the beacon 560a moves 

left and right, respectively, on the crowd-hoist screen 550 along the x-axis. In some 

embodiments, the movements of the beacon 560a up, down, left, and right, may be reversed 

and/or the x- and y-axis are swapped.

[0065) The four quadrants 575 in the crowd-hoist screen 550, outside of the horizontal 

area 565 and vertical area 570, are illuminated red via a red LED array. The desired hoist 

position (horizontal area 565) and desired crowd position (vertical area 570) are illuminated 

green via a green LED array. The beacon 560a is illuminated yellow or another color that 

contrasts with the red and green colors of the four quadrants 575 and the desired hoist 

position (horizontal area 565) and desired crowd position (vertical area 570). The dipper 

140 has the proper hoist and crowd position above the hopper 170 when the beacon 560a is 

at the intersection of horizontal area 565 and the vertical area 570.

[0066] In the swing screen 555, the swing position of the dipper 140 is conveyed along a 

position arc 580 based on the resolver count of the swing sensors 370. The swing position 

of the dipper 140 is represented by a beacon 560b and the desired swing position 585 is 

represented at the middle of the position arc 580. As the dipper 140 is swung between the 

dig location 220 and the hopper 170, the beacon 560b moves along the arc towards the 

desired swing position 585. The arc portions 590 that are outside of the desired swing 

position 585 are illuminated red via an arc of red LEDs, similar to the quadrants 575. The 

desired swing position 585 is illuminated green via a green LED array. Similar to the 

beacon 560a, the beacon 560b is yellow or another color that contrasts with red and green so 

as to be easily identifiable by the operator.
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[0067] In some embodiments, the green LEDs of the desired hoist position (horizontal 

area 565), the desired crowd position (vertical area 570), and desired swing position 585 are 

independently illuminated once the beacons 560a and 560b reach the respective desired 

positions. For example, the desired swing position 585 is illuminated red or not illuminated 

initially; however, once the beacon 560b reaches the swing position 585, the swing position 

585 is illuminated green to indicate to the operator that the dipper 140 is at the proper swing 

position above the hopper 170. Similarly, the desired hoist position (horizontal area 565) is 

not illuminated green until the beacon 560a is at the proper hoist position above the hopper 

170 and the desired crowd position (vertical area 570) is not illuminated green until the 

beacon 560a is at the proper crowd position above the hopper 170. Thus, once the desired 

crowd position (vertical area 570), the desired hoist position (horizontal area 565), and 

desired swing position 585 are all illuminated green, the operator would know that the 

dipper 140 is in the proper position above the hopper 170 to dump its contents.

[0068] Additionally, in some embodiments, only the quadrant 575 in which the beacon 

560a is located is illuminated red, while the other quadrants 575 are not illuminated. 

Similarly, the portion of the arc 580 in which the beacon 560b is located is illuminated red, 

while the portion of the arc 580 on the other side of the desired swing position 585 is not 

illuminated. Given the beacons 560a and 560b positions in Fig. 9, the upper right quadrant 

575 would be illuminated red and the left half of the arc 590 would be illuminated red, while 

the rest of the crowd-hoist screen 550 and swing screen 555 would be dimmed (with the 

exception of the beacons 560a and 560b).

[0069] Although the display 545 is described in terms of an LED array, other display 

screens, such as an plasma or LCD display screen, are used in some embodiments of the 

invention. Additionally, other color schemes and methods to highlight the current and 

desired swing, crowd, and hoist positions on the display 545 are contemplated by 

embodiments of the invention.

[0070] In some embodiments of the invention, the operator feedback 385 is provided in 

part by a heads up display (HUD) 600 as shown in Fig. 10. For instance, the HUD 600 is 

operable to convey the operator feedback information described in relation to the display
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screen 505 of Fig. 8 and the display 545 of Fig. 9. The HUD 600 enables the operator to

maintain visual contact with the dipper 140 while viewing the operator feedback 385. The

HUD 600 may be in addition to or in place of visual feedback systems such as the display

screen 505 and display 545.

[0071] The HUD 600 is generated by projecting images on the front glass 605 of the cab 

115 via a projector 610 mounted to the ceiling of the cab 115. Additional feedback related 

to the rope shovel 100 and crusher 175 may also be displayed on the HUD, such as 

additional position data, fault data, and other desired information given the operators current 

task.

[0072] The HUD 600 is also operable to use alternate gauge types to convey and 

compare the dipper 140 current position versus the desired position (e.g., above the hopper 

170 or the dig location 220). As shown in Fig. 10, the HUD 600 includes a horizontal gauge 

615 that represents the swing position of the dipper 140, while the vertical gauge 620 

represents the crowd position and/or hoist position. In some embodiments, an additional 

vertical gauge is used to display the crowd or hoist position that is not shown in the vertical 

gauge 620.

Motion Restriction Mode

[0073] The motion restriction mode builds on the trajectory feedback mode in that it 

includes an ideal path generation, but it also assists the operator in moving the dipper 140 

towards the hopper 170 by limiting the motion of the dipper 140. As the operator swings 

the dipper 140 towards the hopper 170, the controller 305 monitors the current hoist and 

crowd position of the dipper 140 against boundary limits of the ideal path. If operator 

crowd or hoist control inputs would cause the dipper 140 to deviate past a boundary limit of 

the ideal path, the controller 305 overrides the operator input and prevents these motions. 

Various embodiments of the motion restriction mode incorporated different constraint 

methodologies to restrict the motion of the dipper 140.

[0074] Fig. 11 depicts a method 640 of implementing the motion restriction mode using 

control system 300. Similar to steps 430 and 435 of method 425 in Fig. 7, the method 640 

begins by obtaining the shovel data set (see Table 1 above) and the hopper data set (see
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Table 2 above) in steps 645 and 650, respectively. In step 655, the controller 305 

determines whether to activate motion restriction mode, which is determined in the same 

manner as the controller 305 evaluates step 440 of method 425. Once the motion restriction 

mode is entered, the controller 305 generates an ideal path to the hopper 170 and boundary 

limits for the ideal path in step 670. The ideal path is generated in a similar manner as 

described above with respect to step 445 of method 425; however, 1) the ideal path is 

calculated for the hoist and crowd motions, not the swing motion, and 2) the ideal path is not 

continuously updated, rather, the ideal path is calculated at the beginning of the swing based 

on the dipper 140 position at the start of the swing (SRCto) and the desired swing location 

(SRCd). Calculating the ideal path without continuous updates allows applying boundary 

limits to a simpler, constant ideal path, reducing the complexity of the calculations in 

generating boundary limits. However, in some embodiments, the ideal path is continuously 

updated, as is done in the operator feedback mode, along with the boundary limits.

[0075] In step 675, the controller 305 generates the boundary limits for the crowd and 

hoist motions of the dipper 140 along the generated ideal path. Generation of the boundary 

limits is described in greater detail below. In step 680, the controller 305 optionally 

provides operator feedback as described above with respect to method 425. Thus, in 

addition to limiting dipper 140 motion, the motion restriction mode may also provide 

operator feedback to assist the operator in moving the dipper 140 between the hopper 170 

and dig location 220.

[0076] In step 685, the controller 305 determines whether a crowd or hoist boundary 

limit generated in step 675 has been exceeded by the operator. If a crowd or hoist boundary 

limit has been exceeded, the controller 305 adjusts (boosts, limits, or zeros) the motion of 

the violating crowd or hoist motion in step 690, as appropriate, to prevent further deviation 

from the ideal path generated in step 670. To limit or zero crowd and/or hoist motion, the 

controller 305 reduces or zeros crowd and/or hoist commands to the respective hoist motor 

355 and crowd motor 345. To boost the crowd and/or hoist motion, the controller 305 

increases the crowd and/or hoist commands to the respective hoist motor 355 and crowd 

motor 345. Thereafter, if a boundary has not been exceeded, the controller 305 proceeds to 

step 695 to determine if the hopper 170 has been reached. If not, the controller 305 obtains
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an updated shovel data set in step 700. The controller 305 then returns to generate updated

boundary limits in step 675. The controller 305 repeats steps 675-700 until, in step 695, the

hopper 170 is reached and the dump phase is performed (step 705). In the dump phase, the

operator causes the dipper door 145 to open to dump the load, e.g., by activating the door

latch 360 via door control 340.

[0077] After dumping the load of the dipper 140 in step 705, the controller 305 proceeds 

to step 710 to generate an ideal return path back to the dig location 220. Generating an ideal 

return path in step 710, generating boundary limits in step 715, optionally providing 

operator feedback in step 720, determining whether a boundary limit is exceeded in step 

725, limiting motion in step 730, determining whether the dig location 220 is reached in step 

735, and updating the shovel data set in step 740 are similar to steps 670, 675,680,685, 

690, 695, and 700, respectively, with the exception that the start and end positions of the 

crowd, hoist, and swing are swapped. Thus, the equations described above with respect to 

steps 670, 675, 680, 685, 690, 695, and 700 apply to the steps 710, 715, 720, 725, 730, 735, 

and 740, with the exception that CRCtQ, HRCl0, and SRCl0 are replaced with the 

corresponding crowd, hoist, and swing position of the hopper 170 and CRCd, HRCd, and 

SRC d are replaced with the corresponding crowd, hoist, and swing position of the dig 

location 220.

[0078] In some embodiments, the desired dig location 220 is the initial crowd, hoist, and 

swing position at time to (i.e., CRCt(), HRCl0, and SRCl0) used to generate the ideal path in 

step 670. In other embodiments, the operator stores the desired dig location 220 in the 

controller 305 by activating an actuator (e.g., that is part of other I/O devices 400) when the 

dipper 140 is at the desired dig location 220. In some embodiments, the crowd and hoist 

positions of a tuck position for the dipper 140 are stored as the desired crowd and hoist 

positions for the dig location 220. Using these tuck position values, at the completion of the 

swing to the dig location 220, the dipper 140 is in a tuck position and ready to begin the next 

dig cycle. The tuck position values for the crowd and hoist may be stored by the operator 

using an actuator, may be inferred by the controller based on the previous start of a dig 

cycle, or may be preset values (e.g., during a manufacturing process). As the dipper 140 is

23



moved into the tuck position, gravity closes the door 145, allowing for the shovel door latch

360 to engage to keep the door closed until the next dump operation.

20
12

20
22

13
 

12
 A

pr
 2

01
2

[0079] As noted above, in step 670, the controller 305 calculates the ideal path between 

the dipper 140 hoist and crowd start position (HRCto, CRCto ) and the desired position 

(HRCd, CRCd). The ideal path enables a constant trajectory equation for any given swing 

and may be designed and modified to suit the engineering needs or customer preferences.

[0080] In some embodiments, the ideal path used by the motion restriction algorithm is 

a ramp equation between the dipper 140 hoist and crowd start position (HRCto, CRCt0 ) to 

the desired position (HRCd, CRCd). A ramp equation minimizes computational cost and 

yields a gradual, smooth motion in hoist and crowd movements, without over-stressing the 

rope shovel 100. An example hoist ramp equation is

SRC — SRC
HRC = HRCd + (HRCd - HRC 0) * abs(----- d--------- '-).

J 10 SRCrl-SRC,n

[0081] Assuming SRCto < SRCd for illustration purposes, as the operator swings the 

dipper 140 towards the desired swing location SRCd, SRC, (current dipper 140 swing 

position) increases such that HRClraj approaches the desired hoist location SRCd. In other 

words, when the dipper 140 reaches the desired swing location SRCd, 1) SRCd = SRC,,

SRC —SRCmaking the ramp portion of the equation ((HRCd - HRCl0) * abs(------ -----------)) become
SRCd — SRCl0

zero, and 2) the hoist trajectory HRC^ equals the desired hoist location HRCd-

[0082] The custom trajectory equation for the crowd motion is similar,

SRC — SRC 
with CRCtraj - CRCd + (CRCd - CRCt0) * abs(------ ---------- '-). These equations can be

SRCd — SRCl0 

modified and changed to match a variety of desired trajectories. For instance, the ideal path 

may use a polynomial curve, it may change the time when the desired location is achieved 

(e.g., such that the hoist is at the desired hoist location before the dipper 140 reaches the 

desired swing position), it may specify desired enter/exit velocities, or include other 

customizations.
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[0083] To generate boundary limits for the motion of the dipper 140, a motion 

restriction algorithm is also evaluated in step 675. The motion restriction algorithm 

prevents the operator from excessively deviating from the desired trajectories of the swing 

and crowd motions. The motion restriction algorithm is used to adjust (boost, limit, or zero) 

the speed of the crowd and/or hoist motions once an upper or lower limit is exceeded. As an 

example, if the operator attempts to hoist the dipper 140 too high above the hopper 170 such 

that the dipper 140 would exceed the upper limit when near the hopper 170, the controller 

305 would zero the hoist speed reference command sent to the hoist motor 355 (preventing 

further raising of the dipper 140 via the hoist motor 355). The upper and lower limits of the 

hoist and crowd motions are established using a variety of constraint equations. The 

boundary limits are applied to the ideal path and are continuously updated as the operator 

moves the dipper 140 towards or away from the desired swing position SRCd-

[0084] A ramp constraint equation is one type of constraint equation used by method 

640. The ramp constraint equation includes a start and end limit, and the slope of the ramp is 

scaled dependant on the total swing distance (abs(SRCd~ SRCto)) to the desired swing 

position SRCd. For illustration purposes, a ramp constraint equation for the hoist motion is:

SliC —SRC
//7?Clim - mr * abs(------ ---------- '-) + cr, where mr is the starting position of the ramp slope

SRC — SRC l0

in hoist resolver counts, and cr is the end position of the ramp slope in hoist resolver counts. 

HRCboundary is then calculated based on HRCum and HRClraj as follows:

HRChBunJary = HRC,raj ± HRC,m.

[0085] Figure 12 illustrates a hoist boundary based on a ramp constraint equation and a 

constant ideal path (equal to zero) with mrset to 1800 counts and cr set to 200 counts. The 

x-axis represents the swing distance, in swing resolver counts, to the desired swing position 

(SRCd), while the y-axis represents the hoist distance, in hoist resolver counts, to the hoist 

ideal path. The hoist ideal path 750 is shown as a straight line; and the upper hoist boundary 

755a and lower hoist boundary 755b are shown as dashed lines.

[0086] The hoist trajectory (HRCtraj) equation noted above is dependent on the swing 

motion. Fig. 13 illustrates the hoist trajectory (HRCtraj) with a starting hoist position of
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1500 counts and an end hoist position of zero counts, and depicts how the boundary limits

are effected by the hoist trajectory. The hoist ideal path 760 is shown as a solid, straight

line; and the upper hoist boundary 765a and lower hoist boundary 765b are shown as

dashed, straight lines.

[0087] An alternative constraint equation is a constant constraint equation that is a static 

window. For instance, the boundary equation remains HRCbaumtory = HRC,raj ± HRChm , 

however, HRCnm is set to a constant value cw (i.e., HRC}m = cu.), where cw indicates the size 

of the static window about the ideal path. Fig. 14 illustrates a constant constraint equation 

with cw set to 500 hoist resolver counts. The hoist ideal path 770 is shown as a straight line; 

and the upper hoist boundary 775a and lower hoist boundary 775b are shown as dashed 

lines. Fig. 15 illustrates the static window constraint as a function of a changing hoist 

trajectory, which changes over the course of the swing to the hopper 170. In Fig. 15, the 

hoist ideal path 780 is shown as a solid, straight line; and the upper hoist boundary 785a and 

lower hoist boundary 785b are shown as dashed, straight lines.

[0088] An alternative constraint equation is a polynomial curve. The polynomial curve 

is based on establishing a characteristic equation and solving a series of coefficients that are 

dependant on the hoist and crowd start position, desired position, and desired velocities. 

The limit equation is a third-order polynomial:

HRC}m = a. + a, * SRC, + a2 * SRC22 + SRC,3.

(0089] The coefficients are solved for each swing phase due to the dependencies of 

where the operator started to swing.

1 SRC,. SRC,2 SRC,.3 ' ao 'hrc,;
0 1 2* SRC,. 3* SRC,.2 ai HRC,.
1 SRCd SRCd2 SRCd3 a2 HRCd
0 1 2*SRCd 3*SRCd2 .ai. HRCd

[0090] The initial and desired hoist resolver velocities (HRC,. and HRCd) can be 

changed to augment the polynomial curve allowing for some degree of customization. Fig.
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16 depicts the polynomial curve with the hoist resolver velocities set to zero. In Fig. 16, the

hoist ideal path 750 is shown as a straight line; and the upper hoist boundary 755a and lower

hoist boundary 755b are shown as dashed lines.

[0091] Figure 17 depicts the polynomial curve as a function of the hoist trajectory, with 

the hoist ideal path 800 shown as a straight line and the upper hoist boundary 805a and 

lower hoist boundary 805b shown as dashed lines. Changing the hoist resolver velocity 

causes the polynomial curves to change how the curve moves from start to finish. Varying 

the hoist resolver velocity enables the controlling of the envelope of the curve. For 

example, Fig. 18 depicts ideal path 810 with boundary limits 815a and 815b, which are 

based on a polynomial curve with the starting hoist resolver velocity was set to a non-zero 

value. Therefore, the boundary limits 815a and 815b have a bell-shaped curve with a longer 

neck (narrow end), which requires the operator to get the dipper 140 closer to the ideal path 

810 sooner.

[0092] Additional constraint equations may also be used. For instance, the controller 

305 may implement different constraint equations for the upper and lower boundaries (see, 

e.g., Figs. 19 and 20), or use a polynomial blended by various position constraints. Figs. 19 

and 20 depict ideal paths 820 and 830 with upper boundaries 825a and 835a implemented as 

ramp constraints and lower boundaries 825b and 835b implemented as polynomial curves. 

A polynomial blend includes establishing different position constraints to set up key points, 

and then developing a constraint equation that meets all the key points. For example, a 2nd 

order polynomial fit would yield an equation that passes through three key points. The more 

key points used, the more complex the polynomial would be (e.g. sinusoidal fit to multiple 

points). To reduce the complexity of multiple key points, while conceding some accuracy, 

the controller 305 may also implement a least-squares fit to the key points.

Teach Mode

[0093] In the teach mode, 1) the operator “teaches” the controller 305 the desired end 

position of the dipper 140 (e.g., over the hopper 170) and the start position of the dipper 140 

(the dig location 220), 2) the controller 305 generates an ideal path, and 3) the controller 305 

automatically controls the swing-to-hopper motion of the dipper 140. Fig 21 illustrates a
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method 850 for implementing the teach mode with the control system 300. Similar to 

methods 425 and 640, the teach mode method 850 begins by obtaining the shovel data set 

(step 855) and hopper data set (step 860). In some embodiments of the teach mode method 

850, the controller 305 obtains additional data for the shovel data set and hopper data set 

including: a boolean swing automation trigger; a shovel front-back house inclinometer; a 

shovel right-left house inclinometer; a boolean desired dump position trigger; a hopper 

front-back house inclinometer, and a hopper right-left house inclinometer.

[0094] To teach the controller 305, the operator may manually enter the end position 

and start position by moving the dipper 140 to the appropriate position and triggering a store 

operation, which stores the swing, crowd, and hoist resolver counts in the controller 305. 

For instance, the operator may trigger the store operation by changing the desired dump 

position trigger to be true. The operator changes the desired dump position trigger to be true 

by depressing a joystick button, depressing foot pedals and/or horn triggers in a particular 

manner, and/or via input to a graphical user interface (GUI). In some embodiments, the 

controller 305 is operable to automatically detect the desired end position and start position. 

For instance, the controller 305 may automatically detect the desired end position by storing 

the swing, crowd, and hoist resolver counts upon a dump operation (i.e., releasing door 145 

of the dipper 140). Additionally, the controller 305 may automatically detect the start 

position of the dipper 140 by noting the swing, crowd, and hoist resolver counts upon 

completion of a dig cycle.

[0095] In step 865, the controller determines whether the dipper 140 is clear of a bank at 

the dig location 220 and the swing automation has been activated. In some embodiments, 

the operator manually actuates a swing automation button (e.g., via other I/O devices 400) to 

activate swing automation. In other embodiments, the controller 305 automatically detects 

that the operator is retracting away from the bank and has begun to swing towards the 

desired dump position (i.e., the hopper 170). For instance, Fig. 22 illustrates method 865a, 

which is step 865 implemented with automatic swing-to-hopper detection. In step 865b, the 

controller 305 determines whether the resolver count of the hoist (HRC) is greater than a 

present value (e.g., 4000). If HRC is greater than preset value, the controller 305 starts a 

timer (step 856b). The timer continues until the conditions of steps 865d, 865e, and 865f are
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true. The controller 305 determines the condition of step 865d is true when the operator has 

input crowd commands (via crowd control 325) to retract the crowd at a rate greater than 

20% of the maximum crowd retract command. The controller 305 determines the condition 

of step 865e is true when the operator has input swing commands (via swing control 330) to 

swing the dipper 140 at a rate greater than 50% of the maximum swing command. The 

controller 305 determines the condition of step 865f is true if the operator has input swing 

commands (via swing control 330) to swing the dipper 140 towards the hopper 170.

[0096| Once conditions of step 865d, 865e, and 865f are evaluated to be true, the 

controller 305 stops the timer started in step 865c (step 865g). In step 865h, the controller 

determines if the elapsed time between the start and stop of the timer is less than a 

predetermined value (e.g., three seconds). If so, the controller 305 determines that the 

operator has begun a swing-to-hopper motion (step 865i) and evaluates step 865 (of Fig. 21) 

to be true.

[0097] In some embodiments, the automatic swing-to-hopper detection of Fig. 22 is 

implemented in addition to a manual swing automation button. In the combined system, the 

manual swing automation button indicates to the controller 305 that swing automation has 

been activated (in step 865) regardless of the status of the automated method depicted in 

Fig. 22.

[0098[ After determining the swing automation has been activated in step 865, the 

controller 305 proceeds to generate an ideal path for the dipper 140 to the hopper 170 (step 

870). In the teach method, the ideal path for the swing motion of the dipper 140 is 

calculated in the same manner as described above with respect to the operator feedback 

mode. That is, the controller estimates the total swing resolver counts needed to stop the 

dipper 140 above the hopper 170 (ASRCdeCei) based on current dipper swing speed (SRC) 

and swing resolver counts remaining to arrive at the hopper 170 (SRCrem). As the dipper 

140 is swung, ASRCdecei eventually becomes equal to the current swing resolver count 

position (SRCt) less the desired swing resolver count (SRCd), which signals to the controller 

305 to start decelerating the dipper swing motion. The swing motion is continuously 

monitored with ASRCdecei and SRCrem being continuously updated as the dipper 140 is
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[0100] In the teach mode, however, the ideal paths for the hoist and crowd motions are 

calculated as done in the motion restriction mode. That is, the ideal paths for the hoist and 

crowd, HRCtraj and CRClraj, respectively, are calculated as follows:

HRC,ra] = HRCj + (HRCd - HRC,0) * abs(
SRCd -SRC,
SRCd - SRC,0

CRClraj = CRCd + (CRCd - CRC,0) * abs(
SRCd - SRC,
SRCd - SRC,0

)

)

[0101] Once the ideal paths for the hoist, crowd, and swing motions are generated, the 

controller 305 proceeds to actively and automatically control the dipper 140 without the 

need for operator input (e.g., via operator controls 320). In step 875, the controller 305 

accelerates the swing motion of the dipper 140 towards the hopper 170 according to the 

ideal path generated in step 870. Simultaneously, the controller 305 begins controlling the 

hoist and crowd motions according to the ideal paths generated in step 870. In step 880, the 

controller 305 determines whether the dipper 140 has reached the point along the ideal 

swing path where the controller 305 is to begin deceleration. If not, the controller 305 

updates the shovel data set in step 882 before returning to step 870. In step 870, the 

controller 305 updates the ideal swing path, but maintains the previously generated ideal 

paths for the hoist and crowd motions.

[0102] The controller 305 cycles through steps 870, 875, 880, and 882 until the 

controller 305 determines in step 880 that the dipper 140 is to be decelerated (based on the 

ideal swing path). The controller 305 proceeds to step 885 and decelerates the swing motion 

of the dipper 140 along the ideal swing path and continues to control the hoist and crowd 

motions along their respective ideal paths. The controller 305 also continues to update the 

shovel data set in step 887 and update the ideal swing path in step 885 until, in step 890, the 

dipper 140 is stopped above the hopper 170. The controller 305 proceeds to dump the 

contents of the dipper 140 in step 895. In some embodiments, the controller 305 cannot
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dump the load without operator input (e.g., to confirm the dipper 140 is above the hopper

170).

[0103| After dumping the load of the dipper 140 in step 895, the controller 305 awaits a 

determination that the operator desires to swing the dipper 140 back to the dig location 220 

similar to how step 865 determines a swing-to-hopper motion is desired (e.g., the operator 

depresses a swing automation button). Once the controller 305 determines that the operator 

desires to swing the dipper 140 to the dig location 220, the controller 305 proceeds to step 

897 to generate an ideal return path back to the dig location 220.

[0104] Generating an ideal return path in step 897, accelerating the dipper 140 in step 

900, determining whether to begin decelerating the dipper 140 in step 905, updating the 

shovel data set in step 907, decelerating the dipper 140 and updating the ideal swing path in 

step 910, determining whether the dig location is reached in step 915, and updated the 

shovel data set in step 917 are similar to steps 870, 875, 880, 882, 885, 890, and 887 

respectively, with the exception that the start and end positions of the crowd, hoist, and 

swing are swapped. Thus, the equations described above with respect to steps 870, 875, 

880, 882, 885, 890, and 887 apply to the steps 897, 900, 905, 907, 910, 915, and 917, with 

the exception that CRCto, HRCto, and SRC,o are replaced with the corresponding crowd, 

hoist, and swing positions of the hopper 170, and CRCd, HRCd, and SRCd are replaced with 

the corresponding crowd, hoist, and swing position of the dig location 220. In some 

embodiments, the desired dig location 220 is the initial crowd, hoist, and swing position at 

time to (i.e., CRCto, HRCto, and SRC/d). In other embodiments, the operator stores the 

desired dig location 220 in the controller 305 by activating an actuator (e.g., that is part of 

other I/O devices 400) when the dipper 140 is at the desired dig location 220.

[1000] In some embodiments, the crowd and hoist positions of a tuck position for the 

dipper 140 are stored as the desired crowd and hoist positions. Using these tuck position 

values, at the completion of the swing to the dig location 220, the dipper 140 is in a tuck 

position and ready to begin the next dig cycle. The tuck position values for the crowd and 

hoist may be stored by the operator using an actuator, may be inferred by the controller 

based on the previous start of a dig cycle, or may be preset values (e.g., during a
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manufacturing process). As the dipper 140 is moved into the tuck position, gravity closes

the door 145, allowing for the shovel door latch 360 to engage to keep the door closed until

the next dump operation.

[0105) Once the swing automation has been activated as determined in step 865, the 

controller 305 may exit the automated swing motion through a variety of techniques. For 

instance, if the rope shovel 100 or mobile mining crusher 175 is propelled, the method 850 

may automatically cease or automatically control the dipper 140 to a stop (e.g., by applying 

reverse torque to each of the swing, crowd, and hoist motors). Alternatively, an operator 

may be required to keep a swing joystick or another actuator at near full-reference to 

continue the method 850 (e.g., a “dead man switch”). If the operator pulls away from the 

swing joystick or other actuator, the method 850 will stop and the dipper 140 motion will be 

halted.

[0106] To effect the acceleration of the dipper 140 along the ideal swing path, the 

controller 305 includes an acceleration controller 930 as illustrated in Fig. 23. The 

acceleration controller 930 becomes active in step 875, after the swing automation has 

begun and an ideal path is generated. A goal of the acceleration controller 930 is to provide 

a stable and rapid swing acceleration of the dipper 140. The stage switch 935 is initially set 

to receive the output from triggered step 940. The stage switch 935 forwards the output of 

the triggered step 940 to the swing motor 350 to accelerate the dipper 140. The swing 

sensors 370 output the swing motor speed to the switch 935. Once the swing motor 350 

reaches a preset speed stored in the switch 935, the switch 935 switches to receive a zero 

output from zero source 945. Once the swing motor speed drops below the stored value in 

the switch 935, the switch 935 again switches to receive the output of the triggered step 940. 

The switch 935 switches back and forth to maintain a particular swing speed until the dipper 

140 reaches the deceleration portion of the ideal swing path.

[0107] After the controller 305 determines to decelerate the swing motion of the dipper 

140 (step 880), the switch 935 is set to receive the zero output from the zero source 945 and 

the deceleration controller 950 is activated (step 885). The deceleration controller 950 

slows the swing motion of the dipper 140 such that is stops above the hopper 170. Similar
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to an operator’s manual deceleration of dipper 140, the deceleration controller 950 pulses

the torque reversal command to the swing motor 350 as the swing motion of the dipper 140

nears zero.

[0108] Initially, the deceleration controller 950 outputs via switch 955 and switch 960 a 

torque reversal command from triggered step 965, which is equal to or greater than the 

torque command from triggered step 940 in the acceleration controller 930. With the 

deceleration command greater than the acceleration command, the earlier assumptions made 

in generating the ideal swing path are maintained.

[0109J Once the swing speed drops below a threshold stored in switch 955, the switch 

955 switches to receive the output of a pulse generator 970. The pulse generator 970 is 

designed to mimic the operator’s control of the swing motion by pulsing the torque reversal 

command to decelerate the swing speed when the speed of the swing motor 350 nears zero. 

Once the swing speed drops below a lower threshold stored in switch 960, the switch 960 

switches to receive the zero output of the zero source 975.

[0110] The pulse generator 970 is operable to vary the magnitude and duration of pulses 

to control the deceleration level of the swing motor 350. The magnitude of the pulse is 

dependant on the difference between the current swing speed SRC and zero, while duration 

of the pulse is dependant on the difference between the current swing resolver position 

(SRC) and the desired swing position (SRC/)· As the current swing speed SRC nears zero, 

the magnitude of the pulse is reduced. As the current swing resolver position (SRC) nears 

the desired swing position (SRC/), the duration of the pulse is reduced. The pulsed approach 

enables a controlled deceleration of the dipper 140 and minimizes overshoot of the hopper 

170. In some embodiments, only one of the magnitude and duration of the pulse generator 

970 is varied as the dipper 140 approaches the hopper 170. The one of the magnitude and 

duration may be varied based on either or both of the difference between SRC and 0 or the 

difference between SRC, and SRCj. In other embodiments, the pulse generator 970 outputs 

a pulse with a constant magnitude and duration.

[0111] In some embodiments, an adaptive deceleration controller 980 is included in the 

controller 305 in addition to the acceleration controller 930 and deceleration controller 950
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of Figs. 23A-B. Initially, the adaptive deceleration controller 980 does not alter the 

deceleration of the dipper 140 as described above. That is, initially, the deceleration rate is 

assumed to be approximately equal to the acceleration rate. Over the course of multiple 

swings, the adaptive deceleration controller 980 monitors actual acceleration and 

deceleration of the dipper 140. Based on the monitoring, the deceleration controller 980 

estimates a more accurate relationship between the acceleration and deceleration rate. For 

instance, as shown in Fig. 24, the adaptive deceleration controller 980 receives the actual 

acceleration rate and deceleration rate of the dipper 140 (e.g., from swing sensors 370). In 

other embodiments, the adaptive deceleration controller 980 calculates the acceleration and 

deceleration rates based on speed or position data received from swing sensors 370.

[0112] Based on monitored swings to the hopper 170, the adaptive deceleration 

controller 980 generates a coefficient Kadapt to adjust the swing deceleration rate according 

to the following equation: Θdecel = kadapl * 9ming_accel Initially, kadapt is set to one. If, 

based on the monitored swings, the adaptive deceleration controller 980 determines that the 

deceleration rate is too aggressive and the dipper 140 is decelerating unnecessarily fast 

(reducing overall efficiency of the rope shovel 100), the adaptive deceleration controller 980 

lowers kadapl. Conversely, if the deceleration rate is not aggressive enough, kadapt is 

increased. Once the rope shovel 100 propels, kadapt is reset to one and the adaptive 

deceleration controller 980 begins monitoring again to determine if kadapt should be adjusted. 

In some embodiments, the kadapt does not adjust the actual deceleration rate but, rather, 

adjusts when the deceleration is triggered (i.e., when step 880 is evaluated as true).

[0113| The adaptive deceleration controller 980 also receives the shovel inclination data 

from machine house inclinometers to increase the accuracy of the predicted swing 

deceleration rate and to perform a sanity check to make sure the dipper 140 is not positioned 

in a way that the acceleration rate can overcome the deceleration rate of the swing motion. 

In other words, the inclinometer data enables the system to check whether the rope shovel 

100 is resting at an angle (i.e., tilted with respect to the ground) such that the adaptive 

deceleration controller 980 is able to verify the acceleration/deceleration relationship 

assumption and, if necessary, alter the ideal path to compensate for variations.
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[0114] In some embodiments, the controller 305 considers the mass of the load of the 

dipper 140 while generating ideal paths in one or more of the teach mode, operator feedback 

mode, and motion restriction mode. As the mass of the dipper 140 increases, the maximum 

acceleration and deceleration levels of the swing, hoist, and crowd motions are reduced. In 

some embodiments, the mass of the dipper 140 is continuously monitored. In other 

embodiments, to reduce complexity of the ideal path generation, a constant mass of the 

dipper 140 is estimated and maintained for the duration of a swing-to-hopper or retum-to- 

dig-location motion. However, to reduce complexity further, the measured acceleration rate 

is used as the estimated deceleration rate, as was described with respect to the operator 

feedback mode above.

Full Automation Mode

[0115] In the full automation mode, the control system 300, without operator input, is 

operable to 1) detect the relative positions of the hopper 170 and dipper 140; 2) generate an 

ideal path, and 3) control the swing-to-hopper motion of the dipper 140. The previous 

modes infer the desired dump position either from the previous dump position or from 

operator feedback. The full automation mode integrates the hopper alignment system 395 to 

obtain the position of the hopper 170, or relative position between the hopper 170 and 

dipper 140, without operator input. Thus, in some embodiments, the full automation mode 

is similar to the teach mode, except that the operator does not teach the controller 305 the 

position of the hopper 170. Rather, the hopper alignment system 395 is operable to obtain 

and communicate to the controller 305 the desired dump position (hopper 170), without the 

operator needing to teach the controller 305. In other embodiments, the hopper alignment 

system 395 is used in the user feedback mode and/or motion restriction mode to obtain the 

location of the hopper 170 without user feedback or prior dumping.

[0116] As shown in Fig. 25, in some embodiments, the hopper alignment system 395 

includes GPS units 990a and 990b positioned on the rope shovel 100 and mobile mining 

crusher 175, respectively. Current GPS systems are able to measure with sub-centimeter 

accuracy of an object’s position, which is sufficient to obtain the hopper 170 and dipper 140 

position for the full automation mode. The controller 305 receives the position and
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orientation information from the GPS units 990a and 990b of the hopper alignment system 

395 and is operable to calculate the current position information of the hopper 170 and 

dipper 140. For instance, the controller 305 is aware of the relative offsets of the hopper 

170 from the GPS unit 990b and relative offset of the dipper 140 from the GPS unit 990a. 

Thus, the controller 305 is able to interpret the position and orientation information from the 

GPS units 990a and 990b to dipper 140 and hopper 170 position information. This 

information is then usable in the full automation versions of methods 425, 640, and 850 

described above. In some embodiments, the GPS units 990a and 990b are integrated with 

inertial-navigation units to improve accuracy and for measuring orientation of the hopper 

170 and dipper 140.

[0117] In operation, the mobile mining crusher 175 transmits the position and 

orientation information from GPS unit 990b to the controller 305 wirelessly via a radio or 

mesh-wireless connection. The position and orientation information from the GPS unit 

990b is referenced against the position of the dipper 140 to provide a desired dump position 

with respect to the swing axis 125. The desired dump position is transformed into a swing 

resolver position (SRC), which is provided to the controller 305 and used in the methods 

425, 640, and 850 described above.

[0118| The desired crowd and hoist positions of dipper 140 are independent of the 

desired swing position and are, therefore, calculated independently. A goal is to transform a 

physical dump position (x, y coordinates), based on the output of the GPS unit 990b, into a 

hoist and crowd resolver count to use in the trajectory generation and motion control of the 

dipper 140. Three methods of calculating the desired hoist and crowd positions of the 

dipper 140 include using 1) a mathematical kinematic model, 2) a hoist-crowd Cartesian 

displacement assumption, and 3) a saddle block installed inclinometer.

|0119] A mathematical kinematic model is a vector representation of the rope shovel 

100. The mathematical kinematic model uses geometric information of the various 

components (e.g., height of the dipper 140, length of the dipper handle 135, etc.) and 

understanding of the constraints on the shovel (e.g., dipper 140 connects to the dipper 

handle 135, the dipper handle 135 connects to the dipper shaft 130, etc.) to position the
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attachment (e.g., the dipper 140 and the dipper handle 135) of the rope shovel 100 as 

desired. The kinematic model receives data from sensors 363 (e.g., crowd, hoist, and swing 

resolver data) to track the position of the dipper 140 as the hoist motor 355 and crowd motor 

345 rotate. The controller 305 interprets the location data from GPS unit 990a for the rope 

shovel 100 along with the kinematic model data of the rope shovel 100 to determine the 

desired crowd, hoist, and swing resolver counts to position the dipper 140 above the dump 

position (as determined based on the output of the GPS unit 990b).

[0120] A hoist-crowd Cartesian displacement assumption includes an assumption that 

the dipper 140 is at a near-horizontal crowd position and a near-vertical hoist position. With 

this assumption, moving the crowd is approximated as moving horizontally (x-axis motion) 

and moving the hoist is approximated as moving vertically (y-axis motion). Thus, the hoist

crowd Cartesian displacement assumption also includes an assumption that crowd motion 

only moves the dipper 140 along the x-axis and hoist motion only moves the dipper 140 

along the y-axis. The controller 305 interprets the location data from GPS unit 990a for the 

rope shovel 100, along with the assumed position of the dipper 140 based on the hoist

crowd Cartesian displacement assumption, to determine the desired crowd, hoist, and swing 

resolver counts to position the dipper 140 above the dump position (as determined based on 

the output of the GPS unit 990b).

[0121] In a third implementation, a saddle block inclinometer is used to calculate the 

desired hoist and crowd positions of the dipper 140. The method includes securing a saddle 

block inclinometer to the handle to measure the handle angle. The controller 305 is then 

able to calculate the position of the dipper 140 based on the handle angle and the current 

crowd resolver count. The controller 305 interprets the location data from GPS unit 990a 

for the rope shovel 100, along with the determined position of the dipper 140 based on 

handle angle and current crowd resolver count, to determine the desired crowd, hoist, and 

swing resolver counts to position the dipper 140 above the dump position (as determined 

based on the output of the GPS unit 990b).

[0122] In some embodiments, the hopper alignment system 395 uses one or more optical 

cameras or 3-D laser scanners to implement visual or laser-based servoing. One of the
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above-described operation modes (e.g., trajectory feedback mode, motion restriction mode, 

teach mode, or full-automation mode using GPS units) is used to swing the dipper 140 

within a predetermined range of the hopper 170. The predetermined range may be the range 

at which the optical cameras or 3-D laser scanners recognize the hopper 170 and/or dipper 

140, or a particular distance (e.g., 3 meters). Once within range, the visual servoing is used 

to particularly align the dipper 140 in the proper position above the hopper 170 with a high 

degree of accuracy. In some instances, however, the full-automation mode with GPS units 

has a degree of accuracy that is high enough to render the visual or laser servoing 

unnecessary.

[0123] In the optical camera arrangement, visual servoing controls the dipper 140 

movement based on the output of the optical cameras. Fig. 26 depicts one embodiment 

using two optical cameras 995a and 995b positioned in a stereoscopic arrangement on the 

mobile mining crusher 175 facing the hopper 170. The optical cameras 995a and 995b 

output data wirelessly to the controller 305 via a radio or mesh-wireless communication. 

The controller 305, in turn, applies correction commands to control the movement of the 

dipper 140.

[0124] The stereoscopic arrangement allows for a more accurate depth perception of the 

position of the dipper 140 relative to the hopper 170. The optical cameras 995a and 995b 

provide a usable controlled output with limited modeling of the base system. Each camera 

995a and 995b acts like a human eye and tracks key positions on the dipper 140 (e.g., outer 

edges of the dipper 140). Once the dipper 140 is identified by the controller 305 via the 

output of the cameras 995a and 995b, the controller 305 performs trajectory calculations and 

identifies any control corrections to position the dipper 140 above the hopper 170.

[0125] In some embodiments, a 3-D scanning laser 998 is used. The scanning laser 

998a operates based on principles similar to those of the visual servoing system, but uses the 

scanning laser 998 in place of the cameras 995a and 995b. The scanning laser 998 is 

installed on one of the mobile mining crusher 175 (see Fig. 27A) and the rope shovel 100 

(see Fig. 27B). The scanning laser 998 identifies a matrix of distances that are translated into 

a 3D environment around the dipper 140 and hopper 170.
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[0126] When mounted on the dipper 140, the scanning laser 998 is oriented to look 

forward towards the mobile mining crusher 175 to identify the shape and structure of the 

hopper 170. The controller 305 is also designed to recognize obstacles with the scanning 

laser 998 along the swing path, and to avoid collisions with those obstacles by making 

adjustments to the crowd, hoist, and swing motion along the swing path. When mounted on 

the mobile mining crusher 175, the scanning laser 998 is oriented to look towards the rope 

shovel 100 to identify the position and orientation of the dipper 140. Like the stereoscopic 

camera arrangement, once the dipper 140 or hopper 170 is identified by the controller 305 

via the output of the scanning laser 998, the controller 305 performs trajectory calculations 

and identifies any control corrections to position the dipper 140 above the hopper 170.

[0127] Fig. 28 illustrates the controller 305 of Fig. 6 in greater detail. The controller 

305 further includes an ideal path generator module 1000, a boundary generator module 

1002, a dipper control signal module 1004, a feedback module 1006, and a mode selector 

module 1008, each of which may be implemented by one or more of the processor 310 

executing instructions stored in the memory 315, an ASIC, and an FPGA. The ideal path 

generator module 1000 includes an ideal swing path module 1010, an ideal hoist path 

module 1012, and an ideal crowd path module 1014. The ideal path generator module 1000 

receives dump location data 1016, current dipper data 1018, and a swing aggressiveness 

level 1020. The dump location data 1016 may include the hopper data set (see, e.g., step 

435), or similar position information for indicating the location of another type of dump 

area. The current dipper data 1018 includes dipper position information, such as provided 

by sensors 363. The current dipper data 1018 may include the shovel data set (see, e.g., step 

430).

[0128] The swing aggressiveness level may be input by an operator or other user via the 

other I/O 400. The swing aggressiveness level indicates the aggressiveness of the swing to 

be used in generating an ideal path. Generally, the more aggressive (faster) the swing, the 

further the limits of the shovel and, potentially, the operator are pushed. For instance, a 

more experienced operator may opt for a more aggressive ideal path for use in the feedback 

mode. Accordingly, the acceleration, top speed, and deceleration of the dipper during a 

swing operation may be increased. A less experienced operator, or in the case of an
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obstacle-prone path between the dig zone and the dump area, a less aggressive swing may

be requested. Generally, a less aggressive swing exposed components of the rope shovel 100

to less mechanical wear.

[0129] The ideal path generator 1000 generates an ideal path as described above (e.g., 

with respect to methods 425, 640, and 850). The ideal swing path module 1010 generates an 

ideal swing path and provides the ideal swing path to the ideal hoist path module 1012 and 

the ideal crowd path module 1014. Thereafter, the ideal hoist path module 1012 and the 

ideal crowd path module 1014 generate an ideal hoist path and an ideal crowd path, 

respectively. The ideal swing, crowd, and hoist paths are output to the boundary generator 

module 1002, the dipper control signal module 1004, and the feedback module 1006.

[0130] The boundary generator module 1002, the dipper control signal module 1004, 

and the feedback module 1006 vary their operation depending on mode indicated by the 

mode selector module 1008. The mode selector module 1008 receives as input a user mode 

selection 1022 and system information 1024. The user mode selection 1022 indicates the 

swing automation mode that the operator would like to use to operate the rope shovel 100. 

For instance, the operator may use a GUI or switching device of the operator controls 320 or 

other I/O 400 to input a mode selection. The mode selection may be one of (a) a no swing 

automation mode, (b) the trajectory feedback mode; (c) the motion restriction mode; (d) the 

teach mode; (e) the full automation mode; and (e) a hybrid mode. The system information 

1024 is also provided to the mode selector module 1008. The system information may come 

from, for instance, sensors 363, and other fault detection systems of the rope shovel 100. In 

normal operation (i.e., no faults that effect the swing automation system), the mode selector 

module 1008 will then indicate to the boundary generator module 1002, dipper control 

signal module 1004, and feedback module 1006 the selected mode.

[0131] . In the no swing automation mode, the controller 305 does not implement swing

automation features such as found in the trajectory feedback mode, motion restriction mode, 

teach mode, or full automation mode. Rather, the operator controls the rope shovel 100 

normally with no swing automation assistance.
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[0132] In the trajectory feedback mode, the ideal path is received by the feedback

module 1006, along with the current dipper data 1018. In response, the feedback module

1006 implements the computations and processing of method 425, and outputs the controls

signals to the operator feedback 385 to provide the feedback.

[0133] In the motion restriction mode, the boundary generator module 1002 receives the 

ideal path and generates boundaries according to one of the various techniques described 

above (e.g., with respect to Figs. 12-20). The dipper control signal module 1004 receives 

the generated boundaries along with the user commands 1026. The user commands 1026 

are the control signals from the operator controls 320 indicating the operator’s desired 

movement of the dipper 140. The dipper control signal module 1004 determines whether a 

boundary is/was exceeded (e.g., step 685 of Fig. 11), and adjusts the motion of the dipper 

140 accordingly (see, e.g., step 690) by outputting signals to the dipper controls 343. Also 

in the motion restriction mode, the feedback module 1006 may receive the ideal path and the 

current dipper data 1018 and provide operator feedback as performed in the feedback mode. 

Additionally, the feedback module 1006 may receive the generated boundaries from the 

boundary generator module 1002 and display the boundaries along side the ideal path to 

assist the operator.

[0134] In the teach mode, the operator first performs a swing and dump operation 

manually such that the ideal path generator module 1000 may be taught the dump location 

data 1016. Thereafter, the user commands 1026 may be used to indicate whether to carry

out the swing, for instance, via the dead-man switch technique noted above. The dipper 

control signal module 1004 then receives the ideal path from the ideal path generator 

module 1000. The dipper control signal module 1004 generates control signals for the 

dipper controls 343 such that the dipper 140 follows the ideal path.

[0135] In the full automation mode, the dump location data 1016 is provided by the 

hopper alignment system 395 to obtain the position of the dump location, or relative position 

between the dump location and dipper 140, without operator input. Once initiated, the 

dipper control signal module 1004 receives the ideal path from the ideal path generator 

module 1000 and generates control signals for the dipper controls 343 such that the dipper
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140 follows the ideal path. Similar to the other modes, the ideal path generator module

1000 may continuously receive the current dipper data 1018, swing aggressiveness level

1020, and dump location data 1016 to continuously update the ideal path for use by the

other modules of the controller 305.

[0136] In abnormal operation, the mode selector module 1008 receives an indication 

from the system information 1024 that faults are present that effect swing automation. 

The mode selector module 1008 determines if the faults prevent the user-selected swing 

automation mode from properly operating. If the faults prevent the user-selected swing 

automation modes from properly operating, the mode selector module 1008 will 

determine the next highest level mode of automation that is operational and output that 

mode as the selected mode to the boundary generator module 10002, dipper control signal 

module 1004, and feedback module 1006. For example, if the user has selected the full 

automation mode, but the system information 1024 indicates that the hopper 

communications system 390 is not able to provide a dump location to the ideal path 

generator module 1000, the mode selector module 1008 will automatically select the 

teach mode. Similarly, if in the motion restriction mode, teach mode, or full automation 

mode, and the system information 1024 indicates that the dipper control signals module 

1004 is malfunctioning and cannot provide control signals to the dipper controls 343, the 

mode selector module 1008 will automatically select the trajectory feedback mode. 

Accordingly, in the presence of faults affecting the swing automation system, the mode 

selector module 1008 may override the user-selected swing automation mode.

[0137] In some embodiments, some or all of controller 305 functions and 

components, including the ideal path generation, are performed external to the rope 

shovel 100 and/or mobile mining crusher 175. For instance, the rope shovel 100 and/or 

mobile mining crusher 175 may output position data to a remote server that calculated an 

ideal path for the dipper 140 and returns the ideal path to the controller 305.

[0138] Thus, the invention provides, among other things, a swing automation 

system and method with various operation modes and combinations of operation modes.
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[0139] It is to be understood that, if any prior art publication is referred to herein,

such reference does not constitute an admission that the publication forms a part of the

common general knowledge in the art, in Australia or any other country.

[0140] In the claims which follow and in the preceding description of the invention, 

except where the context requires otherwise due to express language or necessary 

implication, the word “comprise” or variations such as “comprises” or “comprising” is 

used in an inclusive sense, i.e. to specify the presence of the stated features but not to 

preclude the presence or addition of further features in various embodiments of the 

invention.

43
5884441_1 (GHMatters) P94177.AU PETAK

P94177.AU


20
12

20
22

13
 

23
 O

ct
 2

01
4

THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A rope shovel including an automated swing system, the rope shovel comprising: 

a swing motor;

a hoist motor;

a crowd motor;

a dipper that is operable to dig and dump materials and that is positioned via 

operation of the hoist motor, crowd motor, and swing motor; and

a controller configured to

receive operator controls related to controlling movement of the dipper 

using at least one of the swing motor, the hoist motor, and the crowd motor,

receive dump location information indicating a desired position of the 

dipper corresponding to a dump location at which the dipper is to dump 

materials,

receive information indicating a performance limit of at least one of the 

swing motor, the hoist motor, and the crowd motor,

receive dipper data related to at least one of a dipper position, a dipper 

movement, and a dipper state, the dipper data including a parameter of at least 

one of the swing motor, the hoist motor, and the crowd motor,

calculate an ideal swing path of the dipper based on the dump location 

and at least one of the dipper position, the dipper movement and the dipper state,

calculate, based on the ideal swing path and the performance limit, an 

ideal hoist path and an ideal crowd path, and

output the ideal swing path, the ideal hoist path, and the ideal crowd path.

2. The rope shovel of claim 1, wherein the controller is further configured to receive 

a swing aggressiveness level from an operator, wherein the ideal swing path is calculated 

based on the swing aggressiveness level.

3. The rope shovel of claim 1 or claim 2, wherein the parameter is a current position 

of the at least one of the swing motor, the hoist motor, and the crowd motor.
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4. The rope shovel of any one of claims 1 to 3, wherein the dump location 

information is received from one of global positioning satellite (GPS) data and a memory 

storing a location of an previous operator-controlled dump.

5. The rope shovel of any one of claims 1 to 4, further comprising a feedback 

module that

provides an operator with at least one of audio, visual, and tactile feedback of the 

current dipper data relative to the dump location information.

6. The rope shovel of claim 5, wherein the feedback module illustrates the dump 

location information and current dipper data.

7. The rope shovel of any one of claims 1 to 6, the controller further configured to

generate boundaries for the ideal hoist path and the ideal crowd path.

8. The rope shovel of claim 7, the controller further configured to

compare the dipper data to the boundaries, and when the current dipper data 

indicates that at least one of the hoist motor and crowd motor is at or outside of the 

boundaries, adjust the operator controls to maintain the hoist motor and crowd motor 

within the boundaries.

9. The rope shovel of claim 7 or claim 8, wherein the boundaries are one of a ramp 

function, a constant window, and a polynomial curve.

10. The rope shovel of any one of claims 1 to 9, further comprising a mode selector 

module that

receives an operator mode selection that indicates one of at least three modes of 

swing automation, and

controls the rope shovel to operate in the selected swing automation mode.
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11. The rope shovel of claim 10, wherein the at least three modes of operation 

include at least three of the following: no swing automation mode, trajectory feedback 

mode, teach mode, motion restriction mode, and full automation mode.

12. The rope shovel of claim 10 or claim 11, wherein the mode selector module 

receives system information indicating at least one equipment fault, and

as a result, controls the rope shovel to operate in a different swing automation 

mode.

13. The rope shovel of any one of claims 1 to 12, wherein the controller is further 

configured to

generate controls signals to control the swing motor, the hoist motor, and the 

crowd motor according to the ideal swing path, the ideal hoist path, and the ideal crowd 

path, respectively.

14. The rope shovel of claim 13, further comprising a hopper alignment system 

including at least one of a camera and a laser scanner, the hopper alignment system

determining when the dipper is within a predetermined range of the dump 

location,

controlling the dipper control signal module to perform visual servoing of the 

dipper to align the dipper with the dump location.

15. A method of generating an ideal path for swinging a rope shovel, the rope shovel 

including a swing motor, a hoist motor, a crowd motor, and a dipper, the dipper operable 

to dig and dump materials and that is positioned via operation of the hoist motor, crowd 

motor, and swing motor, the method comprising:

receiving operator controls related to controlling movement of the dipper using at 

least one of the swing motor, the hoist motor, and the crowd motor,

receiving dump location information indicating a desired position of the dipper 

corresponding to a dump location at which the dipper is to dump materials,
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receiving information indication a performance limit of at least one of the swing

motor, the hoist motor, and the crowd motor,

receiving dipper data related to at least one of the dipper position, a dipper

movement, and a dipper state, the dipper data including a parameter of at least one of the

swing motor, the hoist motor, and the crowd motor,

calculating an ideal swing path of the dipper based on the dump location and at 

least one of the dipper position, the dipper movement, and the dipper state,

calculating, based on the ideal swing path and the performance limit, an ideal 

hoist path and an ideal crowd path, and

outputting the ideal swing path, the ideal hoist path, and the ideal crowd path.

16. The method of claim 15, further comprising receiving a swing aggressiveness 

level from an operator, wherein the ideal swing path is calculated based on the swing 

aggressiveness level.

17. The method of claim 15 or claim 16, wherein the parameter is a current position 

of at least one of the swing motor, the hoist motor, and the crowd motor.

18. The method of any one of claims 15 to 17, wherein the dump location 

information is received from one of global positioning satellite (GPS) data and a memory 

storing a location of an previous operator-controlled dump.

19. The method of any one of claims 15 to 18, further comprising

providing an operator with at least one of audio, visual, and tactile feedback of 

the dipper data relative to the dump location information.

20. The rope shovel of claim 19, further comprising illustrating the dump location 

information and dipper data.

21. The method of any one of claims 15 to 20, further comprising

generating boundaries for the ideal hoist path and the ideal crowd path.
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22. The method of claim 21, further comprising

comparing the dipper data to the boundaries, and when the dipper data indicates 

that at least one of the hoist motor and crowd motor is at or outside of the boundaries, 

adjusting the operator controls to maintain the hoist motor and crowd motor within the 

boundaries.

23. The method of claim 21 or claim 22, wherein the boundaries are one of a ramp 

function, a constant window, and a polynomial curve.

24. The method of any one of claims 15 to 23, further comprising

receiving an operator mode selection that indicates one of at least three modes of 

swing automation, and

controlling the rope shovel to operate in the selected swing automation mode.

25. The method of claim 24, wherein the at least three modes of operation include at 

least three of the following: no swing automation mode, trajectory feedback mode, teach 

mode, motion restriction mode, and full automation mode.

26. The method of claim 24 or claim 25, further comprising

receiving system information indicating at least one equipment fault, and

as a result, controlling the rope shovel to operate in a different swing automation 

mode.

27. The method of any one of claims 15 to 26, further comprising

generating controls signals to control the swing motor, the hoist motor, and the 

crowd motor according to the ideal swing path, the ideal hoist path, and the ideal crowd 

path, respectively.

28. The method of claim 27, further comprising
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determining when the dipper is within a predetermined range of the dump 

location,

performing visual servoing of the dipper to align the dipper with the dump 

location using at least one of a camera and a laser scanner.

29. A rope shovel substantially as hereinbefore described with reference to and as 

illustrated in the accompanying drawings.

30. A method of generating an ideal path for swinging a rope shovel substantially 

as hereinbefore described with reference to and as illustrated in the accompanying 

drawings.
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